Neuroanatomical studies in a wide variety of mammals identify two types of cortical neurons, the excitatory glutamatergic neurons, and the inhibitory GABAergic neurons. By convention the glutamatergic neurons are considered the sole originators of long-range cortico-fugal and cortico-cortical projections. GABAergic neurons, which account for 15--25% of cortical neurons (Jones, [@B31]) are termed "interneurons," typically are described as projecting a highly ramified axon locally. However, it would be more accurate to call the subset of locally projecting inhibitory neurons "GABAergic interneurons" to distinguish them from locally projecting glutamatergic neurons, as well as from the less well studied subset of GABAergic neurons that extend long-range projections. The role of the long-range [GABAergic projection neurons](#G1){ref-type="other"} in the neocortex is not clear.

There has been increasing interest in the roles of GABAergic interneurons in the neocortex, including in their role in oscillatory behavior. Neuronal oscillations may be a fundamental mechanism for establishing memory, perception, and consciousness. In the case of recognizing an event or an object based on perception via multimodal cortical areas, oscillations in multiple cortical areas may need to be synchronized via long-range neuronal connections. These may originate in excitatory neurons, or inhibitory neurons, or both. Excitatory neurons excite parvalbumin (PV)-positive GABAergic interneurons (Kawaguchi et al., [@B34]). These PV neurons synapse onto the perisomatic surface and proximal axon segments of a cluster of excitatory neurons and inhibit spiking behavior. As the results of interconnected local circuits, probability of spike discharges in an excitatory neuron changes from time to time and shows high-frequency oscillation ([gamma-oscillation](#G2){ref-type="other"}) (Whittington et al., [@B69]; Mann and Mody, [@B41]). Singer and his colleagues hypothesized that the gamma-oscillations are indispensable to enhance information processing in the cerebral cortex (König et al., [@B36]; Womelsdorf et al., [@B70]). A cluster of excitatory neurons also have the potential to activate one another reciprocally via ultra-fast current flow through gap junctions located around the proximal axon segment, which is also believed to enhance the gamma-oscillation in the hippocampus (Traub and Bibbig, [@B64]). Recently, however, opto-genetic experiments have attributed the major role in creating the gamma-oscillation to the PV neurons (Cardin et al., [@B7]; Sohal et al., [@B54]). Synchronization of gamma-oscillation in two separated cortical areas may be achieved by excitatory fibers terminating on PV neurons in the other area (Traub et al., [@B65]; Whittington et al., [@B68]). At the same time, neurons in the two cortical areas may need to be connected reciprocally and symmetrically so as to enable cortical resonance. The resonance may enhance the number of spikes arriving at a peak of gamma-oscillation and attenuate the number of off-peak spikes (Uhlhaas and Singer, [@B66]). As the result, gamma-oscillations in multiple cortical areas may be synchronized. In this focused review, we would like to explore the possibility that not only GABAergic interneurons but also GABAergic projection neurons are involved in such important brain functions.

GABAergic Long Networks Involving Neocortex
===========================================

Based on the accumulated information by many neuroanatomists, here we will take the opportunity to focus on the wiring by GABAergic long-range neuronal connections in the brain. We first examine the literature related to GABAergic neurons with cortico-fugal, and subcortical afferent axons (Figure [1](#F1){ref-type="fig"}).

![**Currently reported cortico-cortical, cortico-fugal, and afferent GABAergic projections**. Most of these GABAergic projection neurons express characteristic protein or peptides. BF, basal forebrain; CB, calbindin; MS, medial septum; NkBR, neurokinin-B receptor; nNOS, neuronal NO synthetase; PV, parvalbumin; SS, somatostatin; TH, tyrosine hydroxylase.](fnins-04-00202-g001){#F1}

GABAergic interneurons are categorized into several subtypes based on characteristic expression profiles of peptides and proteins (Kubota et al., [@B37]; Gonchar and Burkhalter, [@B22]) or physiological properties (Miles et al., [@B46]; Markram et al., [@B42]; Puig et al., [@B49]). These characteristics are also applicable to the GABAergic projection neurons (Figure [1](#F1){ref-type="fig"}). For example, medial septal GABAergic neurons are positive for PV and terminate preferentially on hippocampal GABAergic neurons (Freund and Antal, [@B19]). A subset of the hippocampal GABAergic neurons, which often contain calbindin (CB), somatostatin (SS), or neuronal NO synthetase (nNOS), project axons to the medial septum and innervate the PV-positive GABAergic neurons (Tóth and Freund, [@B62]; Tóth et al., [@B61]; Jinno, [@B29]).

When medial septal GABAergic neurons inhibit GABAergic neurons in the hippocampus, so as to cancel inhibition to pyramidal neurons, the pyramidal neurons are allowed to fire (Tóth et al., [@B63]). The cancellation of inhibition ([disinhibition](#G3){ref-type="other"}) in the hippocampus is terminated by the inhibitory input to the PV neurons in the medial septum. This disinhibiting septo-hippocampal circuit (and its negative feedback loop) was found by recording large field potentials in the hippocampus following stimulation of the fimbria (Bilkey and Goddard, [@B6]). The circuit for "disinhibition" was analyzed anatomically, and in agreement with the *in vivo* electrophysiology results, reciprocal projections between GABAergic neurons were found (Freund and Antal, [@B19]). Subsequent electrophysiological studies *in vitro* revealed that the septo-hippocampal circuit generates [theta-oscillation](#G4){ref-type="other"} in the hippocampus (Heynen and Bilkey, [@B25]; Tóth et al., [@B63]).

Non-pyramidal neurons in the cat hippocampal formation project to the mammillary body (Ino et al., [@B27]). Tyrosine hydroxylase (TH)-positive GABAergic neurons in the A13 subdivision of the zona incerta project to the neocortex (Lin et al., [@B39]). The neocortex, striatum, and basal forebrain are connected by different subtypes of GABAergic projections. A small number of PV-positive GABAergic neurons in the somatosensory area project axons to the striatum (Jinno and Kosaka, [@B30]). Neurokinin-B positive GABAergic neurons in the striatum project to neurokinin-B receptor-positive GABAergic neurons in the basal forebrain which project axons to the cerebral cortex (Furuta et al., [@B20]). However, functions of these projections remain to be elucidated.

Some GABAergic Neurons have Long-Range Projection Axons in the Neocortex
========================================================================

In retrograde labeling studies of excitatory neurons, tracers, such as WGA-HRP, fast blue (FB), and fluorogold, were injected into axon terminal areas and detected in the neuronal somata, after retrograde axonal transport. Retrograde labeling combined with immunohistochemistry of GAD or GABA, or other modified nNOS labeling methods correlated with morphology of retrogradely labeled neurons revealed that GABAergic neurons project axons to remote neocortical regions in the ipsilateral hemisphere (McDonald and Burkhalter, [@B44]; Albus and Wahle, [@B1]; Aroniadou-Anderjaska and Keller, [@B3]; Fabri and Manzoni, [@B16]) and in the contralateral hemisphere (Peters et al., [@B48]; Gonchar et al., [@B23]; Fabri and Manzoni, [@B17]; Tomioka et al., [@B59]; Higo et al., [@B26]). These cortico-cortical GABAergic projections are also found in the connections between cortical areas (Tomioka and Rockland, [@B60]) and between allocortices (Ino et al., [@B28]; van Haeften et al., [@B67]; Jinno, [@B29]). Indeed, microstimulation of the neocortex elicits monosynaptic inhibitory postsynaptic potentials (IPSPs) that are not preceded by excitation in a small number of neurons in the remote ipsilateral cortex (Ghosh and Porter, [@B21]; Salin and Prince, [@B50]).

To simplify the procedures and to increase the sensitivity of detecting GABAergic projection neurons in the neocortex, we produced a glutamic acid decarboxylase 67 (GAD67) --green fluorescent protein (GFP) knock-in mouse (Tamamaki et al., [@B58]), and performed FB retrograde labeling experiments in the mouse (Tomioka et al., [@B59]). We plotted GFP- and FB-double-labeled cells in the entire neocortical area and characterized the GABAergic projection neurons by immunohistochemistry (Figure [2](#F2){ref-type="fig"}). In the study we found FB-single-labeled cells (excitatory projection neurons) are accompanied by a small number of GFP- and FB-double-labeled cells (GABAergic projection neurons) in most cases of the retrograde labeling (Figure [2](#F2){ref-type="fig"}D). We also found several cortical regions that contained FB- and GFP-double-labeled cells, but few FB-single-labeled cells. This mismatch between the distribution of FB-single-labeled cells and that of FB- and GFP-double-labeled cells implies that GABAergic projections may be distributed more widely over ipsilateral neocortical areas than excitatory projections in the mouse.

![**Following FB injection into a visual neocortical area of the GAD67-GFP mouse, we found temporal neocortical areas that contained FB- and GFP-double-labeled cells but few FB-single-labeled cells**. Most of these double-labeled neurons showed immunoreactivity of somatostatin, neuropeptide Y (A), and nNOS (B). A Venn diagram in (C) shows the relationship between the immunoreactivity and the GABAergic projection neurons in the neocortex. (D) Distribution of SS-positive GABAergic projection neurons were revealed by FB injection into the neocortex V1 and represented on the mouse-flattened cortical map and serial frontal sections. Each small gray filled circle represents 20 FB-single-labeled neurons. Each red-filled circle indicates an FB-, GFP- and SS-positive neuron. Blue marker and gray large circle (insets) shows the FB injection site and cortical region within 1.5 mm from the FB injection site, respectively. Calibration bar in (B) is 50 μm. (C,D) Adapted from Tomioka et al. ([@B59]).](fnins-04-00202-g002){#F2}

Cortico-Cortical GABAergic Projection Neurons are Positive for nNOS
===================================================================

Depending on the projection distance, the retrogradely labeled subtypes of GABAergic neurons vary greatly (Tomioka et al., [@B59]; Tomioka and Rockland, [@B60]). Within 1.5 mm of the tracer-injection site, many retrogradely labeled GABAergic neurons exhibit immunoreactivity for PV, SS, or calretinin (CR) in all the neocortical layers in mice. At increasing distances, the retrogradely labeled GABAergic neurons predominantly express SS-IR. Finally, in cortical regions more than 1.5 mm from the injection site, almost all of the retrogradely labeled GABAergic neurons express SS-IR in the deepest layer of the neocortex, or in the white matter and layer I. Although GABAergic projections in the archicortex and paleocortex originate in the gray matter and layers II--V, respectively (van Haeften et al., [@B67]; Jinno, [@B29]), the actual distance of these projections may be less than 1.5 mm in rodent. The GABAergic commissural projection, which is longer than 1.5 mm, originates in the deepest layer of the neocortex (Gonchar et al., [@B23]), and the laminar distribution of the GABAergic projection neurons mimics that of nNOS-positive type 1 neurons in rats and monkeys (Yan et al., [@B72]; Yan and Garey, [@B71]). Consistent with this observation, GABAergic projection neurons positive for SS, NPY, and nNOS (91, 82, and 71%, respectively) have been identified. The more that is learned about the features of GABAergic projection neurons, the more they appear to be similar to the nNOS-positive type 1 neurons in the neocortex. An intracellular labeling study revealed that the nNOS-positive subplate neurons give rise to projecting axon longer than 1.5 mm (Clancy et al., [@B12]).

Notably, the nNOS-positive neurons consist of two different subpopulations in rats and monkeys (Yan and Garey, [@B71]; Smiley et al., [@B53]): one is characterized by CB-IR, small somata, and low NADPH-diaphorase activity (type II neurons) and the other by a lack of CB-IR, large somata, and intense NADPH-diaphorase activity (type I neurons) (Kubota et al., [@B37]; Yan et al., [@B72]; Gonchar and Burkhalter, [@B22]; Smiley et al., [@B53]). Yan and Garey ([@B71]) suggested that the vast majority of the nNOS-positive neurons in the mouse neocortex are the CB-negative type I neurons. Considering these observations, we speculate that the vast majority of cortico-cortical GABAergic projection neurons in the mouse express nNOS. nNOS-positive GABAergic neurons account for 1% in rat (Gonchar and Burkhalter, [@B22]). Taking all these factors into consideration, we speculate that GABAergic projection neurons account for 0.5% of the neocortical GABAergic neurons in mouse.

Several possible functions of nNOS in the central nervous system have been suggested, including the regulation of glutamate release (Kano et al., [@B32]) and of capillary dilatation (Cauli et al., [@B8]), but we do not yet know how the nNOS, NPY, and SS expressed by GABAergic projection neurons function in the neocortex. It is known that GABAergic projection neurons in the white matter receive neocortical excitatory inputs as a major neuronal input, but these cells do not appear to receive significant thalamic input (Shering and Lowenstein, [@B52]; Okhotin and Kalinichenko, [@B47], Tomioka et al., [@B59]).

To examine the function of GABAergic projection neurons, the primary approach will be to observe the morphology of projection axons, especially their terminal arborization, and to identify their postsynaptic target cells. It is also important to find roles only GABAergic projection neurons can play in the neocortex. An important clue to the function of GABAergic projection neurons may be inferred from the organization of the corpus callosum. The corpus callosum contains the commissural fibers of excitatory neurons and those of GABAergic neurons (Peters et al., [@B48]; Gonchar et al., [@B23]; Fabri and Manzoni, [@B17]; Tomioka et al., [@B59]; Higo et al., [@B26]). The latter may be selected from transient GABAergic commissural fibers (Cobas et al., [@B13]; Kimura and Baughman, [@B35]) and are stabilized for interhemispheric communication beyond early developmental stages. In the case of sectioning of the corpus callosum, the gamma-oscillations were de-synchronization between the two hemispheres (Figure [3](#F3){ref-type="fig"}) (Engel et al., [@B14]; Uhlhaas and Singer, [@B66]). Thus, we may be able to test how excitatory fibers and GABAergic fibers in the corpus callosum contribute to synchronize the gamma-oscillation by specific ablation or blocking of either fiber system. Since the mechanism for generating gamma-oscillation is not solely attributable to excitatory neurons, it is possible that the mechanism for synchronizing the gamma-oscillations in multiple cortical areas is also not attributable solely to excitatory neurons. GABAergic projection neurons in the neocortex may make an important contribution to the synchrony of gamma-oscillations. We speculate that GABAergic projection fibers may release GABA and adjust the spike timing of excitatory neurons and PV neurons through GABAa receptor-mediated quick IPSPs.

![**Synchrony of gamma-oscillation in cat visual cortices**. Callosal connections mediate long-distance synchronization. In the bottom panels are cross-correlograms between responses from different recording sites in the left hemisphere (LH) and right hemisphere (RH) that indicate the degree of interhemispheric synchronization. When the corpus callosum was intact (left-hand panel), strong interhemispheric synchronization occurred with no phase lag between the LH and RH recording sites. Sectioning of the corpus callosum (right-hand panel) abolished interhemispheric synchronization while leaving synchronization within hemispheres intact. Adapted from Uhlhaas and Singer ([@B66]).](fnins-04-00202-g003){#F3}

Origin and Development of nNOS-Positive GABAergic Projection Neurons
====================================================================

As discussed above, we speculate that nNOS-positive GABAergic projection neurons are involved in important brain functions. To address the function of nNOS-positive GABAergic projection neurons *in vivo*, there are several tools that can silence, activate, or delete the neurons in question, such as, channelrhodopsin-2 variant (Lin et al., [@B40]), light-activated electrogenic Cl(−) pump (Gradinaru et al., [@B24]), and diphtheria toxin receptor (Kuyama et al., [@B38]). In any case, we need information of a marker specific to GABAergic projection neurons. In the following, we discuss why nNOS may be a useful marker for GABAergic projection neurons in the neocortex.

It is widely accepted that during the development of the mammalian neocortex, subplate neurons (Shatz et al., [@B51]; McConnell et al., [@B43]; Finney et al., [@B18]) and marginal zone neurons (Meyer et al., [@B45]) extend cortico-fugal pioneering axons. It is also accepted that the subplate neurons are transient targets of thalamocortical axons, and although some then undergo apoptosis, some remain in the mature cortex as white-matter neurons (Chun and Shatz, [@B10]; Kanold and Luhmann, [@B33]). There is another term "early generated neurons" for the neurons in the embryonic neocortex. This term seems to include three different cell groups. One of the groups is Cajal--Retzius cells in the marginal zone, which are GABA-negative and originate in the pallial edge (Takiguchi-Hayashi et al., [@B55]; Bielle et al., [@B5]). Another group is GABA-negative preplate neurons which originate in the ventricular zone of the neocortex. A recent study clarified that the cortico-fugal pioneer fibers originate from the GABA-negative preplate neurons, which are segregated during development into marginal zone neurons and subplate neurons (Espinosa et al., [@B15]). A third group is composed of GABAergic neurons originating in the ganglionic eminence migrating tangentially to the neocortex (Anderson et al., [@B2]; Tamamaki et al., [@B57]). Early generated GABAergic neurons are distributed broadly in the marginal zone, subplate, and the intermediate zone (IZ). In cat neocortex, the subplate GABAergic neurons are often positive for somatostatin, neuropeptide Y, and nNOS (Chun et al., [@B9]; Chun and Shatz, [@B11]). Those in the rat subplate are also positive for nNOS (Clancy et al., [@B12]). Although Bayer and Altman ([@B4]) regard the rat layer VII (VIb) as the subplate and ignore the GABAergic neurons distributed sparsely in the white matter, GABAergic neurons in the rat white matter accumulate in the medial edge of the white matter (around the cingulate bundle) (Figure [4](#F4){ref-type="fig"}). A number of white-matter neurons in the cingulate have axons projecting to the spinal cord (Figure [4](#F4){ref-type="fig"} and Tamamaki et al., [@B56]). Since a part of the white-matter neurons are maintained even after birth and may originate axon branches to innervate several neocortical regions, they can be identified as GABAergic projection neurons in the neocortex. In a similar way, the nNOS-positive GABAergic neurons in the marginal zone may be identified as GABAergic projection neurons in layer II.

![**GABAergic subplate neurons in the intermediate zone (IZ) also extend their axon cortico-fugally**. **(A)** Postnatal day 0 rat neocortex. Top and second arrows indicate the width of subplate according to Bayer and Altman ([@B4]). Second and third arrows indicate the width of white matter which contains many GABAergic neurons. Double-arrows indicate the area where we found retrogradely labeled neurons after lipophilic red fluorescent dye, DiI injection into the median plane of the spinal cord. See insets in **(B)**. **(B)** DiI injection into the spinal cord (C1--C3) at P0 labeled pyramidal neurons in layer V and subplate neurons in the IZ. Axons of pyramidal neurons followed those of GABAergic subplate neurons rather than those of GABA-negative subplate neurons (layer VII). **(C)** Biotin-dextan-amine (BDA) injection into the primordium of pons at E18 rat labeled subplate neurons in the IZ at P0. CP, cortical plate; IZ, intermediate zone; S, subplate containing excitatory subplate neurons. Arrow heads in the insets in **(B,C)** indicate the injection site of DiI and BDA. Calibration bars in **(A)**, and in the insets in **(B,C)** are 1 mm. Calibration bar in **(B)** is 100 μm, that in **(C)** is 50 μm. **(B)** Adapted from Tamamaki et al. ([@B56],[@B57]).](fnins-04-00202-g004){#F4}

Based on the information shown above, we hope to label and manipulate (including delete) the GABAergic projection neurons *in vivo* by an application of genetic tools driven by nNOS promoters. However, since in mice all excitatory neurons in the neocortex also express nNOS transiently by 2 weeks postnatal days, the process of experimentation will be complex.
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GABAergic projection neuron

:   Neurons which release GABA as an inhibitory transmitter. Usually, GABAergic neurons possess locally ramified axon. However, a GABAergic projection neuron has an axon projecting long distance. There are many GABAergic neurons with long projection axon in the brain stem and some in the neocortex.

Gamma-oscillation

:   Gamma-oscillations are patterns of brain waves with a frequency between 30 and 100 Hz, though 40 Hz are prototypical. According to a popular theory, gamma waves may be implicated in creating the unity of conscious perception (the binding problem). However, there is no agreement on the theory.

Disinhibition

:   GABA neurons inhibit other neurons by releasing GABA. When another GABA neurons inhibit the previous GABA neurons, inhibition to the other neurons is cancelled. Another GABA neurons disinhibited other neurons.

Theta-oscillation

:   In rodents, theta rhythmicity is easily observed in the hippocampus, but can also be detected in numerous other cortical and subcortical brain structures. Hippocampal theta, with a frequency range of 6--10 Hz, appears when a rat is engaged in active motor behavior such as walking or exploratory sniffing, and also during REM sleep.
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